of proper reorganization for normal development (Bell and Denenberg, 1962; Denenberg, 1963; Levine, 1982 Levine, , 2000 .
The infant's first reorganization occurs with birth as the newborn transitions from an intrauterine to extrauterine life. The familiar rhythmic and warm intrauterine environment is replaced with an environment filled with new sensory experiences. New behaviors -some of which have been practiced in utero -now become critical for survival, including the young animal's learning to identify the caregiver, approaching the caregiver and exhibiting the behaviors necessary for survival such as grasping the nipple and nursing. Equally important, however, are the social behaviors the infant must exhibit in order to elicit nurturing from the caregiver and begin the complex interchange with the mother as the process of attachment learning begins. In altricial animals, this survival-dependent learning is typically supported by specialized learning processes early in life, which are referred to as imprinting and are temporally limited to a sensitive period (Bolhuis and Honey, 1998; Hess, 1962; Insel and Young, 2001; Moriceau and Sullivan, 2004b; Rajecki et al., 1978; Salzen, 1970; Sullivan et al., 2000a) . This unique and rapid learning provides an opportunity to question how behavioral and neural transitions occur to support this critical social learning. This attachment learning, which requires a brief learning experience with the specific sensory qualities of the attachment figure (scent, texture, color, sound) during infant-caregiver interactions, is widespread phylogenetically and results in the common behavioral outcome of proximity seeking to the caregiver by the infant (Blass and Teicher, 1980; DeCasper and Fifer, 1980; Hennessy et al., 1980; Hess, 1962; Insel and Young, 2001; Polan and Hofer, 1998) . However, this learning also requires the suppression of learning that could interfere with the proximity seeking (Blozovski and Cudennec, 1980; Camp and Rudy, 1988; Collier et al., 1979; Haroutunian and Campbell, 1979; Hess, 1962; Myslivecek, 1997; Stehouwer and Campbell, 1978; Sullivan et al., 2000a Sullivan et al., , 2009 . In this review, we will outline the behavioral neurobiology of attachment learning in the infant rat and the unique role of corticosterone in controlling the termination of this sensitive period, as well as corticosterone's ability to suppress temporarily attachment learning during the pups' sensitive period. Research by Levine and his talented students and colleagues is critical for placing this work in our current conceptual framework.
Attachment learning in infant rats
Rat pups must learn the mother's odor for survival. Since pups do not see or hear until almost the third week of life, this odor provides distal information to enable pups to approach the caregiver. Importantly, the odor also provides proximal information that enables pups to exhibit the behaviors necessary for procuring food and warmth from the mother. Any neutral odor can acquire the properties of the maternal odor simply by placing the odor (i.e. peppermint or citral) on the mother or in the cage during mother-infant interactions (Alberts and May, 1984; Caza and Spear, 1984; Duveau and Godinot, 1988; Galef, 1982; Galef and Kaner, 1980; Sullivan et al., 1990) . Since the rat mother's odor is dependent upon her diet, pups must repeatedly relearn her changing odor (Leon, 1975 (Leon, , 1992 . This infant rat odor attachment learning is also modeled outside the nest using a classical conditioning paradigm in which a novel odor is paired with either presumably pleasant stimuli (tactile stimulation/stroking, milk, or warmth: Brake, 1981; Galef and Sherry, 1973; Johanson and Hall, 1979; Johanson and Teicher, 1980; McLean et al., 1993; Pedersen et al., 1982; Sullivan et al., , 1989 Sullivan et al., , 1991 Weldon et al., 1991; Wilson and Sullivan, 1994) . The maternal odor, whether naturally or artificially learned through experimentation, elicits proximity seeking/approach responses in pups (distal cue) but also pups' contact with the mother and nipple attachment (proximal cues). Without the maternal odor, pups show greatly diminished contact with the mother, fail to nipple attach and exhibit low survival rates (Raineki et al., submitted for publication; Singh and Tobach, 1975) . This infant attachment learning is unique in its acquisition and has been characterized as mammalian imprinting, which is similar to the rapid learning that occurs during sensitive period avian imprinting (Bolhuis and Honey, 1998; Hofer and Sullivan, 2008) .
While infant sensitive periods are well known for enhanced learning, suppression of learning that could interfere with attachment also occurs. Indeed, attenuation of fear and avoidance was suggested as a critically important characteristic of attachment learning decades ago as imprinting and attachment were first conceptualized (Bowlby, 1969; Hess, 1962) . For example, shocking chicks during imprinting for attachment elicits approach learning rather than aversion learning (Hess, 1962; Rajecki et al., 1978; Salzen, 1970) . Even in mammals, such as dogs and nonhuman primates, a caregiver treating the young harshly still supports attachment and elicits attachment learning (Harlow and Harlow, 1965; Maestripieri et al., 1999; Sanchez et al., 2001; Stanley, 1962; Suomi, 2003) . Indeed, learning to avoid or fear the source of food and protection (caregiver) would not be ideal for survival and we have suggested that it is better to form a repertoire of proximityseeking behaviors to the primary caregiver, regardless of the quality of the care received (Hofer and Sullivan, 2008) .
This suppression of fear/avoidance learning has also been demonstrated in rat pups still in the sensitive period for attachment learning. Specifically, pairing a novel odor with a painful stimulus, such as 0.5 mA shock or tailpinch (rather than the typical milk or stroking), results in pups approaching the odor when it is next encountered (Camp and Rudy, 1988; Haroutunian and Campbell, 1979; . Notably, this preferred odor induced through pain pairings also takes on the ability to control the constellation of pup behaviors normally controlled by the natural maternal odor ( Fig. 1 ; approach, social behavior with the mother and nipple attachment: Raineki et al., submitted for publication).
The inability of pups to exhibit fear/avoidance learning with pain-odor pairings is not due to pups' developmental differences in pain detection. Aversive stimuli elicit escape responses from pups and pain threshold to shock does not appear to change as shock switches from supporting preference to supporting aversion learning (Barr, 1995; Collier and Bolles, 1980; Emerich et al., 1985; Fitzgerald, 2005; Stehouwer and Campbell, 1978) . The functional significance of pups' suppressed aversion/fear learning may be due to the rat pup occasionally experiencing some pain from the mother. Specifically, as the mother leaves the nest to tend to her needs, she drags pups still attached to her nipples across the nest and steps on others. She may also retrieve pups by a limb rather than the nape of the neck. All of these interactions induce painrelated vocalizations from the pups (Hofer and Shair, 1978) . Learning an aversion to maternal odors associated with this rough treatment would jeopardize pups' approach responses to warmth, nutrition, safety and ultimately, survival.
While odor approach/preference learning with pain seems paradoxical, this limitation on aversive learning is seen in species other than rats and is important for attachment. For example, during imprinting in chicks, shock enhances following behavior of the mother, although an aversion is learned if the shocks are presented after the sensitive period has ended (Hess, 1962; Salzen, 1970) . Moreover, these learning limitations have also been documented in infant dogs that continue to approach a human caregiver that shocks or handles the puppies roughly (Rajecki et al., 1978) . The most dramatic demonstration of infant attachment to an abusive caregiver is seen in nonhuman and human primates that continue to approach a caregiver despite rough handling, sometimes resulting in physical injury to the infant (Carlson et al., 1989; Harlow and Harlow, 1965; Maestripieri et al., 1999; Sanchez et al., 2001; Suomi, 2003) . In young rat pups, this limitation on learning also extends to inhibitory conditioning and passive avoidance (Blozovski and Cudennec, 1980; Collier et al., 1979; Myslivecek, 1997; Stehouwer and Campbell, 1978) .
Neurobiology of attachment learning in infant rat pups
Considerable progress has been made in delineating the neural changes that accompany odor attachment learning in infant rats. The maternal odor, whether natural or artificial (placed on the mother or ingested), as well as odors learned through controlled classical conditioning studies all produce an enhanced response in the olfactory bulb (Fig. 1 ). This has been demonstrated using a variety of neural assessment techniques including 2-deoxyglucose (2-DG) uptake, c-Fos immunohistochemistry, electrophysiology, pCREB and optical imaging (Coopersmith et al., 1986; Johnson et al., 1995; McLean et al., 1999; Roth and Sullivan, 2005; Roth et al., 2006; Sullivan and Leon, 1986; Sullivan et al., 1989; Wilson et al., 1987; Yuan et al., 2003a,b) . This plasticity relies on high levels of norepinephrine (NE), which prevents habituation of the olfactory bulb's mitral cells during conditioning and permits plasticity (Langdon et al., 1997; Moriceau and Sullivan, 2004b; Okutani et al., 2003; Sullivan et al., 1991 Sullivan et al., , 1992 Sullivan et al., , 2000b Wilson and Leon, 1988; Yuan et al., 2000) . The elevated olfactory bulb NE levels are present during the sensitive period due to a hyperfunctioning locus coeruleus (LC), which fails to show recurrent collateral inhibition to stop LC firing and decrease NE output. The LC alpha2 receptors' autoinhibition becomes functional around 10 days of age (Nakamura and Sakaguchi, 1990; Rangel and Leon, 1995; Winzer-Serhan and Leslie, 1999) , which changes the LC's responding from 20 to 30 s to just milliseconds and appears to end this period of heightened learning (Moriceau and Sullivan, 2004b; Sullivan et al., 1994 Sullivan et al., , 2000b . Another brain area altered by sensitive period attachment learning is the anterior piriform cortex Raineki et al., 2009; Roth and Sullivan, 2005) , although it is likely other brain areas will emerge with additional exploration.
As we began to explore why pups failed to learn to avoid/fear odors paired with pain, such as 0.5 mA shock or being stepped on by the mother, we focused on the amygdala because of its welldocumented importance in this type of learning in adults (Fanselow and Gale, 2003; Fanselow and LeDoux, 1999; LeDoux, 2003; Sananes and Campbell, 1989; Schettino and Otto, 2001; Sevelinges et al., 2004; Sevelinges et al., 2007) . We found that the amygdala does not participate in the infant odor-0.5 mA shock learning until pups switch from preference learning to odor avoidance learning (Sullivan et al., 2000a) . Specifically, the fear conditioning paradigm of odor-0.5 mA shock conditioning produces an odor preference in young rat pups (less than 10 days of age, i.e. sensitive period) but an odor aversion and freezing in older pups, which is similar to that seen in adults. This sensitive period odor-0.5 mA shock conditioning supporting odor preference learning is unaltered by suppression of the amygdala via muscimol infusion in sensitive period pups, although this same manipulation blocks fear learning in older pups . Thus, while this odor-shock procedure activates the same neural circuit as odor learning using stimuli such as milk and stroking (olfactory bulb, anterior piriform cortex, LC), it also requires suppression of the amygdala's plasticity. Though we originally hypothesized that amygdala immaturity (Berdel and Morys, 2000; Berdel et al., 1997; Bouwmeester et al., 2002; Cunningham et al., 2002; Morys et al., 1999; Nair and GonzalezLima, 1999) was responsible for its lack of plasticity, electrophysiological studies indicate the pain and odor information reach the amygdala during the sensitive period (Thompson et al., 2008 ), yet the amygdala fails to exhibit the plasticity required for fear learning. As will be noted below, corticosterone has a significant role in suppressing the amygdala's plasticity in sensitive period pups and suggests the amygdala is sufficiently mature to exhibit plasticity provided corticosterone is slightly elevated.
One of Levine's enduring legacies is his assertion that '''the neonate plays by different rules than the adult.' Often, the assumption is made that the neonate is a miniature adult. When many of the procedures used to study adult organisms are applied to neonates, the results obtained are frequently inaccurate and generate erroneous conclusions'' (Levine, 2000) . Likewise, the neural circuitry supporting infant learning can be mistakenly viewed simply from the perspective of the adult literature. As highlighted before, though, infant learning is essentially supported by the olfactory bulb, LC and the anterior piriform cortex rather than by the amygdala, which is the crucial structure supporting fear conditioning learning in the adult. With that being said, the infant learning circuitry is not necessarily the result of an immature brain; rather, it has been molded by evolution to support the unique sensitive period attachment learning that allows the infant to attach to the caregiver at all costs. That is, from an adaptive point of view, perhaps it is better for an altricial animal to remain attached to an abusive caregiver than receive no care (Moriceau and Sullivan, 2005; Sullivan et al., 2009) .
3. Natural endogenous increase in the stress hormone corticosterone ends the sensitive period During the sensitive period, infant rats' CORT levels are relatively low and fail to show the stress-induced corticosterone release typical of older pups and adults (Butte et al., 1973 ; Cate and Pups cannot nipple attach when the maternal odor is removed, although nipple attachment can be reinstated if the maternal odor, or a classically conditioned odor is presented via an air stream into the testing chamber (B). The natural and artificial maternal odors produce enhanced olfactory bulb responding, as shown here with c-Fos immunohistochemistry (C). Note that mere experience with a novel odor or unpaired presentations of the novel odor and reward does not support learning and does not produce the behavioral changes. Asterisk indicates p < 0.05. Yasumura, 1975; Dallman, 2000; Grino et al., 1994; Guillet and Michaelson, 1978; Guillet et al., 1980; Henning, 1978; Levine, 1962 Levine, , 1967 Levine, , 2001 Walker et al., 1986; Walker and Vrana, 1993) . This period of reduced hypothalamic-pituitary-adrenal (HPA) axis responsiveness during neonatal development has been termed the ''stress hypo-responsive period'' (SHRP). Interestingly, the HPA axis is functional at birth (Martin et al., 1977) and the sensory stimulation provided by the mother during nursing and grooming seems to control the pups' low CORT levels (Levine, 1962; Stanton and Levine, 1990; van Oers et al., 1998) . Indeed, prolonged maternal separation increases pups' CORT levels, which can be returned to normal low levels with replacement of maternal sensory stimulation or maternal presence. This neonatal reduced corticosterone level is hypothesized to protect the developing brain from the negative influences of stress hormones (Bohn, 1980; Erkine et al., 1979; Sapolsky and Meaney, 1986) as well as to preserve attachment learning, which is described here.
Corticosterone levels gradually increase in infant rats, although a critical level of corticosterone is naturally reached by 10 days of age to prevent attachment learning and permit amygdaladependent avoidance/fear learning (Moriceau et al., 2004; Sullivan, 2004a, 2006, see Fig. 2) . A causal link between corticosterone levels, avoidance learning and the amygdala was established through intra-amygdala corticosterone (Moriceau et al., 2004; Sullivan, 2004a, 2006) , which was modeled after Takahshi's work on the importance of corticosterone and emergence of fear to predator odor (Moriceau et al., 2004; Takahashi, 1994; Wiedenmayer et al., 2003) . Specifically, increasing CORT by systemic (dose 3 mg/kg) injections or by intra-amygdala (dose 50-100 ng) infusions during 0.5 mA odor-shock conditioning is sufficient to elicit both a fear response and amygdala participation in the sensitive period conditioning (Moriceau et al., 2004; Sullivan, 2004a, 2006) . Furthermore, at least during the days following sensitive period termination, decreasing pups' corticosterone (systemic -adrenalectomy or maternal presence, intra-amygdala -mifepristone) is capable of reinstating the attachment learning and preventing fear learning .
Postsensitive period: corticosterone reduction permits attachment learning and suppresses fear learning
As we published the result demonstrating the ability of amygdala corticosterone to terminate pups' sensitive period for attachment learning, we recalled research from the Levine laboratory indicating that maternal presence could block pups' stress-induced corticosterone release (Stanton and Levine, 1990; Stanton et al., 1987; Suchecki et al., 1993) . The ability of a social stimulus to buffer or attenuate the release of stress-induced corticosterone release is referred to as social buffering. This phenomenon occurs in many species (review: Kikusui et al., 2006) . For example, humans' social affiliation blunts stress-induced CORT release (Kirschbaum et al., 1995; McCloskey et al., 1995; Thorsteinsson and James, 1999) as does maternal presence in adolescent guinea pigs, peers in nonhuman primates, and mate presence in voles (Carter and Keverne, 2002; DeVries et al., 2003; Hennessy et al., 1995 Hennessy et al., , 2002 Hennessy et al., , 2009 Kikusui et al., 2006 ) and can be heightened or attenuated during different periods of development, such as the postpartum period in rats (Deschamps et al., 2003; Shanks et al., 1999; Toufexis and Walker, 1996; Walker et al., 2004) .
Thus, due to the importance of corticosterone in infant rat odorshock conditioning, we assessed whether the natural attenuation of pups' stress-induced corticosterone release via social buffering would also alter pups' learning. We found dramatic effects . Specifically, pups were given a 45 min odor-0.5 mA shock conditioning session with or without an anesthetized mother at one of three ages. Pups were then returned to the nest and the next day given a Y-Maze test (conditioned vs. familiar odor choice) to determine odor preference or aversion learning. Sensitive period pups learned to approach the odor regardless of maternal presence. That is, only the sensitive period pups demonstrated attachment learning, presumably because shock does not increase corticosterone and the pups have no stress response to be socially buffered by the mother. Postsensitive Period pups (12-14 days of age for this experiment) learned to avoid the odor if conditioned without the mother, but reverted to the odor preference learning if the mother was present. The oldest pups (weaning age) learned to avoid the odor and maternal presence was without effect. The postsensitive period pups and the weanling pups both show a socially buffered shock-induced corticosterone release, but only the younger pups have their fear learning switched to attachment learning by maternal presence.
The ecological significance of the ability of maternal presence to determine pups' learning may be explained by the changing environment and requisite demands on the pup. During the sensitive period, pups are confined to the nest and depend solely on the mother for nourishment and protection. During this period, the unique neural circuitry of infant pups ensures attachment to the caregiver, despite possible negative stimuli, such as those experienced when the mother moves around the nest, for example stepping on or roughly transporting pups. As the pups mature and become more independent, though, the circuitry continues to change to support the new learning situations the pup will face Fig. 2 . Pup attachment learning changes over development. During the earliest days of life, pups have a sensitive period when odor-shock conditioning produces an odor preference. At 10 days of age, pups begin the Transitional Sensitive Period, when pups endogenous corticosterone levels have increased sufficiently to enable amygdaladependent fear/avoidance learning. However, with the mother present at this age pups will revert back to the approach learning of the sensitive period. That is, the mother's presence will socially buffer pups (i.e. attenuate pups shock-induced corticosterone release) and pups learn a preference. As pups mature, maternal social buffering continues to lower corticosterone but pups only have access to the amygdala-dependent fear learning Raineki et al., 2009; Shionoya et al., 2007; Sullivan et al., 2000a). during the transition to life outside of the nest. Pups are still dependent on the mother for care, though, so they must have the processing capability to differentiate between innocuous negative stimuli and true threats to their survival. As the pup reaches weaning age, it no longer depends on the mother for survival and can begin to leave the nest and explore the outside world. This new independence is facilitated by further changes in the brain that support more adult-like fear learning. Specifically, as pups take on more adult challenges, the underlying adult neural circuitry of these behaviors is functional in the learning of stimuli outside of the nest.
As we explored potential mechanisms for the mother's ability to socially buffer pups' stress response, intriguing data on social buffering in postpartum rats was critical in guiding our work. In short, research shows that postpartum mothers exhibit a SHRP corticosterone response when away from their pups, yet a robust corticosterone release to stressor when with pups (Deschamps et al., 2003; Shanks et al., 1999; Toufexis and Walker, 1996; Walker et al., 2004) . The Walker lab has shown that pups' presence controls mothers SHRP through norepinephrine in the paraventricular nucleus of the hypothalamus (PVN), which is a brain area critical in integrating diverse stressors and enables the organism to have context specific neural and behavioral responses to stressors (review Lupien et al., 2009) . Specifically, when the mother is with her pups, the PVN NE exhibits a robust response to stressors to initiate activation of the HPA axis and produce corticosterone release. However, without the pups presence, mothers show an attenuated PVN NE response to stressors and attenuated corticosterone release. As is outlined below, we found a similar control of pup's PVN NE and corticosterone release by maternal presence.
As we assessed the mechanism for the mother's ability to socially buffer her pups, we found that during odor-shock conditioning in postsensitive period pups, maternal social buffering of pups' stress response occurs through attenuation of PVN neural activity (2-DG) and suppression of PVN NE (Table 1; Shionoya et al., 2007) . Specifically, using microdialysis, we found that odor-shock conditioning induced a large increase in PVN NE in PN12-14 rats, although this NE surge is blocked with maternal presence. Importantly, we could override this social buffering by infusing NE into the PVN, which initiated the activation of the HPA axis and induced fear learning. Thus, while the mother has an active stress system with the pups and pups have an active stress system away from the mother, the neural control appears similar.
Age limits of corticosterone's ability to control odor preference/avoidance learning
Corticosterone plays a modulatory role in adult fear and avoidance conditioning by increasing or decreasing learning strength (Corodimas et al., 1994; Hui et al., 2004; Pugh et al., 1997; Roozendaal et al., 1996 Roozendaal et al., , 2002 Thompson et al., 2004) ; however, the ability of corticosterone levels to switch between preference and avoidance learning in odor-shock conditioning is unique to pups. Thus, in our next experiments, we defined the age range corticosterone alters sensitive period learning (Upton and Sullivan, accepted) . Again, pups were odor-0.5 mA shock conditioned with either corticosterone increase at 5 and 6 days of age (injection of corticosterone) or decrease at 15 and 16 days of age (naturally by maternal presence or protein synthesis blocker, Metyrapone). Our results indicate that the age limits for corticosterone's control of attachment/fear learning are 6 through 15 days of age. We suggest that this age limit protects pups from learning an aversion to the maternal odor while pups are dependent on maternal care and ends when survival without the mother is possible (Greenberg and Ackerman, 1986; Ito et al., 2006; Kikusui and Mori, 2009 ). We also suggest that pups 5 days of age and younger do not have an amygdala sufficiently mature to support avoidance learning (Berdel and Morys, 2000; Berdel et al., 1997; Bouwmeester et al., 2002; Cunningham et al., 2002; Morys et al., 1999; Nair and Gonzalez-Lima, 1999) . Indeed, odor avoidance learning from shock and malaise (1 mA and above or LiCl) in this age relies on neural changes within the olfactory bulb and posterior piriform cortex and not the amygdala Shionoya et al., 2006) . Together these results suggest that the protective effects of corticosterone on pup learning are finely tuned to the changing demands of pups ecological niche and maturation.
Acute effects of early life stress: disruption of attachment learning and social behavior
Early life trauma and stress alter pups' behaviors. For example, rearing pups with a stressed mother increases their corticosterone levels to abnormally high levels. This was elegantly demonstrated in a series of experiments from the Baram lab. Insufficient bedding can stress the mother and elevate her corticosterone level. Baram used this to develop a naturalistic stress paradigm, where mothers are provided with insufficient bedding to build a nest, which results in repeated nest building behaviors and transporting pups to the new nest. This produces an increase in rough handling of pups, but also a decrease in normal maternal behaviors such as grooming and nursing, although pups still gain weight normally (Avishai-Eliner et al., 2001; Gilles et al., 1996; press; Raineki et al., submitted for publication; Roth and Sullivan, 2005; see Table 2 ). This procedure increases pups' corticosterone levels because of elevated release from their adrenal glands, although the mother also delivers her high corticosterone levels to the pups through her milk (Yeh, 1984) . This paradigm also changes gene expression throughout the HPA axis and within the frontal cortex (Avishai-Eliner et al., 2001; Gilles et al., 1996; Hatalski et al., 1998) . In the short run (less than a day), this procedure does not interfere with pups attachment learning or its supporting neurobiology (Roth and Sullivan, 2005) . However, we questioned whether this precocious increase in corticosterone from more extended experience with the mother stressed with low bedding would disrupt attachment learning and the normal social behaviors pups exhibit to the mother. We reared pups using Baram's insufficient bedding procedure and compared them to normally reared pups from birth to 6 days of age. At 7 days of age, pups were odor-shock conditioned and then tested in a Y-Maze to assess whether early life stressful rearing would permit precocious amygdala-dependent fear learning. Indeed, while the normally reared pups showed the age typical odor preference learning, pups reared in the Baram stress paradigm learned an amygdaladependent odor aversion due to the increased corticosterone Table 1 Postsensitive period pups learn an aversion from odor-shock conditioning if conditioned away from the mother. The shock produces an increase in PVN NE, which begins activation of the HPA axis and corticosterone release from the adrenal gland. However, if the postsensitive period pups are conditioned with maternal presence (anesthetized mother or the maternal odor), shock fails to increase corticosterone by preventing PVN NE increase (Shionoya et al., 2007 (Moriceau et al., in press ). These results suggested that experience with a stressed mother prematurely ends the SHRP and the sensitive period for attachment learning (Moriceau et al., in press ).
Enduring effects of early life stress
The important role of the early environment for brain and behavioral development and its enduring impact throughout the lifespan has been demonstrated in clinical studies (Bremner, 2003; Gunnar et al., 2009; Kaufman et al., 2000; Nemeroff, 2004; Rutter, 2006; Stien and Kendall, 2004; Teicher et al., 2003) , as well as basic research in other species (Bell and Denenberg, 1962; Branchi, 2009; Coe et al., 1983; O'Connor and Cameron, 2006; Denenberg, 1963; Harlow and Harlow, 1965; Jordan et al., 1985; Levine, 1952 Levine, , 1967 Levine, , 2001 Macri and Wurbel, 2006; Meaney et al., 1988; Rosenzweig et al., 1969; Sackett, 1972; Sevelinges et al., 2007; Suchecki and Tufik, 2000; Tang et al., 2006; Weaver et al., 2000) . The importance of these early life experiences was initially seen through clinical observation in strong emotional and physical stunting of orphaned and hospitalized infants separated from their mothers (Bowlby, 1958 (Bowlby, , 1969 Spitz, 1945) , which was mirrored in research on rodents and nonhuman primates and permitted the assessment of a causal relationship between early life stress and altered developmental trajectory. Decades ago, the research by Gig Levine and his students' and colleagues suggested that early life stress and elevation of the stress hormones are causal mediators of these enduring early life experience effects (Levine, 1962 (Levine, , 1967 (Levine, , 1993 (Levine, , 1994 Rosenfeld et al., 1992; Stanton and Levine, 1990; Suchecki et al., 1993; van Oers et al., 1998) . Indeed, a consistent behavioral mark of these early life manipulations was enduring emotional and cognitive problems, with corticosterone and disruption of the HPA axis identified as one potential mediator (Levine, 1993 (Levine, , 1994 Meaney et al., 1993; Meerlo et al., 1999; Sapolsky, 1994) . In particular, within a few hours of separation, the stress axis is engaged and shows increases in the stress hormones corticosterone (cortisol in primates) as a result of increases in adrenocorticotropic hormone (ACTH) that control the stress response at the level of the pituitary, although recent research suggests there are ubiquitous effects throughout the brain. This disruption in the HPA axis and its immediate and enduring effects on the brain and behavior has clearly indicated the important role of stress hormones in organizing emotional and cognitive development. More recent research has greatly expanded our understanding of the potential corticosterone related mechanisms and effects using different levels of analysis and has provided a stronger link between clinical and basic research (Andersen et al., 1999; Caldji et al., 2003; Cirulli et al., 2009; Hall et al., 1999; Higley et al., 1991; Kosten et al., 2005; Ladd et al., 2000; Liu et al., 2000; Meaney, 2001; Plotsky and Meaney, 1993; Schore, 2001; Suomi, 1997; Weinberg et al., 1978) . The wide phylogenetic representation of these early life experiences on a variety of species, including rodents, humans and nonhuman primates, suggests that a role of the stress system in mediating early life's enduring effects may have been evolutionarily conserved and supports the use of other species to understand variation in human development in response to stress (Bremner, 2003; Cirulli et al., 2009; Kaufman et al., 2000; Levine, 2001; Lupien et al., 2009; Pryce et al., 2002; Sanchez et al., 2001 ).
The importance of the contingency of early life trauma and adult outcome
Repeated pain in early life heightens adult emotionality/ anxiety and can attenuate or enhance learning depending on the task. Specifically, infant adverse experiences using shock suggest that unpredictable shock produces greater changes in adult emotionality than predictable shock (Bell and Denenberg, 1962; Denenberg, 1963; Henderson, 1965) and diverges from the adult effects (Shore et al., 1990; Weiss, 1970) . Indeed, after early life odor-shock conditioning, we find increased anxiety-like behavior in adulthood, but only in those animals that received unpaired odor-shock in infancy. Using the animal model of anxiety test of dark-light emergence in which the latency to leave a dark box (preferred area for rats) and total time spent in the light compartment (measuring tendency to explore) is measured, we found only the unpaired odor-shock pups differed from animals without any infant conditioning (Tyler et al., 2007) . The adult animals that received paired odor-shocks in infancy or no conditioning showed normal behavior. In adulthood, animals that received infant paired odor-shock show a propensity towards depression-like symptoms as assessed by the animal model of depression, the Forced Swim test (Sevelinges et al., submitted for publication) . Moreover, following the infant odor-shock conditioning paradigm, adults were given a standard forced swim test, but only those animals that received paired odor-shock in infancy stopped swimming sooner than nonconditioned animals and the animals that received unpaired odor-shock in infancy. The ability of shock experienced at different contingencies to produce divergent adult outcomes strongly suggests that the context of early life trauma is critically important.
Summary
Animal research indicates that both enhanced approach learning and suppressed avoidance learning are important for ensuring the infant learns the attachment to the caregiver to support proximity seeking. The neurobiology for this learning appears to involve a unique neural circuit, involving hyperfunctioning of the locus coeruleus to support approach learning and hypofunctioning of the amygdala to support suppression of avoidance learning. Changing functions of these brain areas, combined with the unique function of corticosterone supporting this learning, enables the rapid and robust modification by the environment through: (1) early life stress prematurely increasing pups' corticosterone levels and ending the sensitive period and (2) maternal presence socially buffering pups' corticosterone response to prevent avoidance learning to maintain attachment in older pups. Table 2 Providing a mother with insufficient bedding to build a nest is stressful and changes maternal behavior compared to mother's given sufficient bedding. Maternal behavior was observed for 1 h. While both mothers showed similar levels of typical maternal behaviors, such as licking and nursing, the stressed mother was more likely to engage in behaviors that are painful to pups, such as stepping on the pup and handling the pup roughly. Frequency of behaviors observed during training sessions. From Roth and Sullivan, 2005 . During this sensitive period, early life trauma and stress have both short-term and long-term effects. We suggest that the enduring effects are mediated, in part, through short-term disruption on attachment learning and social interactions with the mother. Based upon existing basic research in animals, we now understand that elevated levels of the stress hormone corticosterone can impair learning about the mother and attachment, and impaired attachment can result in abnormal social behavior. We suggest that this abnormal social behavior in pups can mediate additional negative effects on pup development and may be partially responsible for the enduring effects of early life stress.
Percent of observation periods in which behaviors occurred
Finally, the results of rat pups' attachment learning indicate that, while sensitive period learning is usually characterized by enhanced learning, limitations on learning are equally important for ensuring the infant learns to approach the caregiver. This characteristic of attachment learning has been documented in a variety of species ranging from chicks to mammals, including humans.
Implications for understanding attachment in humans
Human infants rapidly attach to their caregivers. As originally suggested by Bowlby (1965) , this phenomenon is likely supported by a biological attachment circuit within the brain. The neurobiology of attachment in animals probably most closely aligns with Bowlby's characterization of the early stages of attachment in infancy, emphasizing proximity seeking and tolerating abuse from the caregiver (Carlson et al., 1989; Harlow and Harlow, 1965; Maestripieri et al., 1999; Sanchez et al., 2001; Sullivan et al., 2009; Suomi, 2003) . This is not surprising since Bowlby's original attachment theory was strongly based on a paradigm-shifting integration of clinical observations (Bowlby, 1958 (Bowlby, , 1969 Spitz, 1945) and basic research on other animal species concerning attachment (Harlow and Harlow, 1965; Fisher, 1955; Stanley, 1962) and imprinting (Bolhuis and Honey, 1998; Hess, 1962; Lorenz, 1970; Salzen, 1970) . During the attachment learning, biologically determined approach and following behaviors become directed toward a specific object, although the object must be learned through experience with the specific sensory qualities of the object, such as its scent, texture, color, and/or sound (Bolhuis and Honey, 1998; Bowlby, 1958 Bowlby, , 1969 Cassidy, 1999; Hess, 1962; Hofer, 1987; Hofer and Sullivan, 2008; Nowak et al., 2000; Panksepp, 1998; Reed and Leiderman, 1983) .
The attachment circuitry for human infants has yet to be identified. As always, direct translation of research on any species to humans requires caution. For this reason, we do not suggest that attachment in human infants uses the circuitry identified in rats. However, our rat model system can provide greater understanding of the neurobiology of attachment and exploration of unique qualities of neural structures during early life. Additionally, it is a model system that can be used to identify the critical role of social stimuli in infancy and their ability to alter normal processing of sensory stimuli and learning.
